hanced transport has been clearly documented in batch and column studies (Chiou et al., 1986 ; Dunnivant et
was performed using the same model to identify what combination Celis et al., 1998; .
of soil, pesticide, and DOC variables may suppress sorption, resulting
In addition to intrinsic solute properties, the concentrain facilitated transport. Results from the sensitivity analysis are pretion, source, size, polarity, and molecular configuration sented and the potential for effluent properties other than DOM to of organic colloids will effect their impact on solubility, facilitate pesticide transport is discussed.
thus sorption of organic chemicals. In solubility enhancement studies of hydrophobic organic compounds (HOCs) with humic and fulvic acids, Chiou et al. (1986) found E fforts to abate pollution and supplement available the affinity of hydrophobic chemicals to associate with water resources in many parts of the world have dissolved organic substances as follows: soil-derived huresulted in the increased use of effluents for irrigation.
mics Ͼ soil-derived fulvics Ͼ aquatic humics Ͼ aquatic In semiarid areas, where fresh water is limited, the use fulvics. Complexation of s-triazines to DOM using wellof effluents for agricultural purpose has been common characterized humic acids suggest that complexation ocpractice over the last few decades (Rebhun et al., 1987;  curs through either proton or electron transfer deRonen and Magaritz, 1985) . In the USA, treated efflupending on the acidity of the humic acid and the basicity ent is one of the fastest growing sources of water for of the traizine rather than simple hydrophobic interacirrigating both agricultural and recreational facilities tions (Senesi et al., 1987; Sposito et al., 1996) . In addition such as golf course, parks, school grounds and street to association of chemicals to DOM, DOM applied to medians (Miller, 1990) . One potential side effect of this soils can sorb to soil surfaces, resulting in an overall practice is the long-term deterioration of groundwater enhancement in sorption and retardation, as demonquality. Organic chemicals originally present in the strated by Totsche et al. (1997) for HOCs with forest wastewater and soil-borne organic pollutants have been floor-derived DOM. Therefore, the impact of DOM on identified in ground water at effluent-irrigated sites sorption and subsequent transport will be dependent (Hutchins et al., 1985) , or at greater depths in the soil on the intrinsic nature of the solute, soil, and DOM, profile than observed at sites irrigated with only high and the competition among solute-soil, solute-DOM, quality water (Muskat et al., 1993; Graber et al., 1995) .
and DOM-soil interactions. Effluent characteristics that may impact mobility of soilIn this study, the impact of effluent DOM extracted borne chemicals include DOM, ionic strength, ionic from swine waste lagoon effluent and municpal waste composition, and pH.
water effluent, as well as a well-characterized humic Complexation or association of strongly hydrophobic acid on triazine sorption, was measured. The association substances (e.g., polychlorinated biphenyls, polyaromatic of atrazine and prometryne to DOM, sorption of DOM hydrocarbons, and organochlorine pesticides) with dissolved or colloidal organic matter resulting in the en- Table 1 .
MATERIALS AND METHODS

Dissolved Organic Matter Characterization
Freeze-dried DOM samples (HA, MW, and SW) were anaSoils lyzed for C and N content with Fisons NA 1500 NC Analyzer A sandy loam low in OC (Bloomfield soil, BF) and a silt (Fisons Scientific Equipment, Loughborough, UK). Dried maloam with higher amounts of OC (Drummer soil, DR) colterials were dissolved in 0.005 M CaCl 2 solution for characterlected from A P horizons in the Midwest were selected for this ization of pH, OC content (mg OC/L), inorganic C content study. Soils were air-dried and passed through a 2-mm sieve.
(IC, mg C/L), and total acidity. For total acidity, 15 mL of Soil characteristics are listed for pH, cation exchange capacity NaOH (0.101 M ) was mixed with 10 mL of DOM solution in (CEC), particle size analysis, and OC in Table 2. 250-mL amber bottles and shaken for 24 h. The mixed solutions were titrated with HCl (0.0206 M ) to obtain the total acidity of DOM. OC and IC contents in DOM solutions were
Effluent Collection and Dissolved
measured with a Dohrmann TOC analyzer (Rosemount Ana-
Organic Matter Extraction
lytical, Dohrmann Division, Santa Clara, CA). Reported Secondary effluents were collected from the West Lafayette DOM concentrations are OC-based concentrations (DOC). Municipal Wastewater Treatment Plant and from the last cell in the lagoon system for treating swine-derived wastes at the
Interaction between Pesticide and Dissolved
Purdue Animal Science Research Farm, West Lafayette, IN.
Organic Matter
The SW from the last cell is frequently spread on nearby farmland by sprinkler or surface irrigation and the treated
The binding coefficients of pesticides to DOM from effluents were measured using a dialysis technique (Carter and municipal wastewater is dumped directly into the river. Prior to use, the municipal effluent was filtered sequentially through Suffet, 1982) . Spectral/Por 6 dialysis tubing (Spectrum Medical Industries, Houston, TX) with a molecular weight cut off of a Gelman Supor-800 0.8-m glass filter (Gelman Sciences, Ann Arbor, MI) and a Gelman Supor-450 0.45-m membrane 1000 Da was washed in distilled water, 1 M Na 2 CO 3 , twice in 1 M NaHCO 3 , and once again in distilled water. Freeze-dried filter (Gelman Sciences) held in a Millipore 316 stainless sanitary filter holder (Millipore Corp., Bedford, MA). The swine DOM samples were dissolved in 0.005 M CaCl 2 solution at 140 mg OC/L for MW, 320 mg OC/L for SW, and 690 mg effluent contained a large amount of suspended materials, therefore centrifugation (2000 g for 4 h) was used to remove OC/L for HA. Aliquots of 5 or 10 mL were placed in dialysis tubing, and placed in 35-mL test tubes containing 5 or 10 mL the suspended materials rather than filtration. The filtered or centrifuged effluents were concentrated with a Millipore of 0.005 M CaCl 2 solution ranging in pesticide concentrations from 0 to 20 mg/L. Tubes were wrapped with aluminum foil PLAC Prep/Scale ultra-filtration cartridge (Millipore Corp.) with a nominal molecular cut-off of 1000 Da, which was seto minimize photolysis, and shaken on a platform shaker for 2 d at 21 Ϯ 2ЊC. Each experiment included three tubes without lected based on reports that DOM greater than this fraction had higher binding capacities (Wang et al., 1990) . Samples DOM to verify that pesticide concentrations inside and outside of the bag were equal after 2 d (i.e., equilibrium achieved). were continuously circulated through the ultra-filtration cartridge until sufficient DOM had been concentrated from the Pesticide concentrations inside and outside the dialysis tubing were determined using a Shimadzu Automated High Performance Liquid Chromatography (HPLC) system (Shimadzu, Kyto, Japan) with a UV-vis detector ( ϭ 254 nm), a Supelcosil ABZ ϩ reversed-phase column (Supelco, Supelco Park, Bellefonte, PA), and a mobile phase of 65/35 acetonitrile/ water at a flow rate of 1.5 mL/min. Complete dissociation of the pesticide-DOM complex in the acetonitrile-water mobile phase during HPLC analysis was confirmed by comparing known pesticide concentrations in the presence and absence of DOM. The difference between pesticide concentrations inside and outside of the dialysis tubing was assumed to be the DOM-bound pesticide concentrations. A linear regression between bound pesticide (mg/kg OC) and free pesticide (mg/L) yields a slope equal to K DOC i .
Interaction between Dissolved Organic
Matter and Soil
Varying amounts of soil (0-5 g) were shaken for 2 d with a fixed volume (5 mL) of DOM solution. For sorption by DR, for 30 min) and OC content was measured in the supernatants using a Dohrmann TOC analyzer (Rosemount Analytical). Decrease in DOC concentration because of adsorption to the
containers was not observed in blank samples without soil. Tubes with only soil and 0.005 M CaCl 2 solution were used where m S is soil mass (g), V W is solution volume (mL), and to account for soil organic matter solubilized during equilibra-DOC O and DOC * W are OC-based DOM (kg OC/L) concentration. The OC-normalized distribution coefficient of DOM betions in the applied solution and remaining in the bulk water tween the soil and aqueous phase, K S DOC ϭ DOC S /DOC W , was after equilibration, respectively, with DOC * W corrected for estimated assuming DOM sorption obeys a linear isotherm SOC released in control solutions containing no DOM. A and applying mass balance equations using the following relalinear regression between DOC O /DOC W and m S /V W yields a tionship (Magee et al., 1991) slope equal to K S DOC . source. SW DOM and dissolved HA were used for Drummer 
Matter Characterization
thus reducing its affinity to interact with hydrophobic Chemical analyses of final DOM solutions used in the organic chemicals. Huang (1999) found C/(N ϩ O) different interaction studies are summarized in Table 3. weight ratios of 0.83 to 0.94 for DOM extracted from Also shown for comparison are selected characteristics the last cell of a lagoon treatment system for cow and of the raw effluent after filtration or centrifugation in swine wastes, respectively, compared with 1.74 for HA, Table 3 . Final DOM solutions were prepared at elevated which supports the greater affinity of HA for the pesti-DOC concentration relative to the initial effluent to cides. The MW DOM showed a greater affinity for the expand the DOM range investigated. Because of the pesticides than SW DOM. Therefore, although MW ultra-filtration step, IC contents were significantly reeffluent typically has less DOM than animal-derived duced. The pH values of DOM solutions were also 0.5 effluents, a higher K DOC i value means DOM from municito 0.7 pH units lower than the initial effluents. Changes pal wastes can be a more effective carrier of organic in solution pH may impact the behavior of weak bases chemicals. such as the triazines. However, for the effluent and soil Dissolved organic matter (DOM) sorption to soil solution pH range investigated in these studies, both (K Table 4 were pesticide-soil (K SOC i ), and DOM-soil distribution calculated to assess the relative affinity of pesticides to (K S DOC ) sorption studies are summarized in Table 4 , and DOC vs. SOC. The K
ratios of both pesticides in Fig. 1 and 2 . Prometryn showed higher association were greater than 1.0 for HA and MW DOM, and prothan atrazine to both DOM and soil organic carbon metryn showed greater ratios than atrazine. Similar trends can be cited for nonpolar organic chemicals. (SOC). The log K DOC i values for atrazine and prometryne can not only minimize enhanced transport potential, but 1991) and 50 000 L/kg (Gauthier et al., 1986) , respecresult in an overall increase in sorption and subsequent tively, which is much higher than the commonly redecrease in mobility. ported K SOC i value for phenanthrene of 16 000 L/kg. However, Chiou et al. (1986) found K greater than unity will result in DOM was measured using batch isotherm experiments a greater potential for DOM to facilitate pesticide transand estimated using a simple model that assumes linear port; however, the latter may be counteracted by a conequilibrium distribution behavior among soil, solute, comitant increase in sorption of DOM by soils. For the and DOM. The overall distribution coefficient of a pesti-DOM in this study, sorption of DOM by soils followed cide in a soil-water system containing DOM is, by defia similar trend as the association of a given pesticide with the same DOM sources (i.e., HA Ͼ MW Ͼ SW). nition of 100 to 200 gives estimates therein have been applied by others to assess the efof a 1.5 to 3% decrease in sorption in the presence fect of DOM on solubility, sorption, and transport of 150 mg DOC/L (Fig. 4B) , which is much less than (Gschwend and Wu, 1986; Chiou et al., 1986 ; Enfield observed. A much larger K DOC i value in the order of et al., 1989; Magee et al., 1991; Knaber et al., 1996) . 1000 was required for Eq.
[3] to predict the decrease in Batch isotherms for pesticide sorption by BF and DR sorption observed in the laboratory studies suggesting soils in the presence and absence of DOM are shown the influence of other effluent properties. However, it in Fig. 3 , and the slopes (K S i,DOC ) from the linear isotherm is worth noting that under long-term effluent irrigation, fits are summarized in Table 5 . Also shown in Table 5 even small DOC-induced decreases in pesticide sorption is the percent change in pesticide sorption upon addition can result in significant enhanced pesticide movement of DOM, with a negative sign representing a decrease in the field because of the cumulative effects over time. in sorption. The lines shown in Fig. 3 are predictions Additional effluent properties that may be responsiusing Eq. [3] with the individual distribution coefficients ble for decreasing sorption include effluent pH, alkalinsummarized in Table 4 . In almost all cases pesticide ity, suspended solids, and dissolved salts, none of which sorption increased in the presence of DOM, with the were included in either the batch isotherm studies or exception of prometryne sorption in the presence of model simulations. In the study by Graber et al. (1995) , HA (97 mg C/L). DOM-pesticide interactions were the pH of the treated effluent relative to the high quality counteracted by the concomitant sorption of DOM by water was similar, but effluent electrical conductivity soils resulting in decreases in available DOM and addiwas much higher, consistent with the higher inorganic tional sorptive domains on the soil. 
